A specific isocitrate lyase (ICL) activity of 0.17 U (mg protein)-' was detected in cultures of the riboflavin-producing fungus Ashbya gossmii during growth on soybean oil. Enzyme activity was not detectable during growth on glucose [ < 0905 U (mg protein)-'], indicating a regulation. The enzyme was purified 108-fold by means of ammonium sulphate fractionation, gel filtration and cation-exchange chromatography. SDS-PAGE of the purified protein showed a homogeneous band with an M, of 66000. The M, of 254 000 determined by gel-f iltration chromatography indicated a tetrameric structure of the native protein. The enzyme was found to have a pH optimum for the isocitrate cleavage of 79, and the K,,, for thmo-DL-isocitrate was determined as 550 pM. Enzyme activity was Mg2+-dependent. In regulation studies ICL was weakly inhibited by central metabolites. A concentration of 10 mM phosphoenolpyruvate or 6-phosphogluconate revealed a residual activity of more than 40%. On the other hand, oxalate (K,: 4 pM) and itaconate (K,: 170 pM) showed a strong inhibition and may therefore be interesting as antimetabolites.
INTRODUCTION
The filamentous plant-pathogenic ascomycete A s h b y gosypii (Ashby & Novell) (Guilliermond, 1928 ) is known as a riboflavin overproducer (Wickerham et al., 1946) . Improved strains are used in industry for the production of riboflavin (Demain, 1972) with a yield of up to 15 g 1-1 (Bigelis, 1989) . Starting from GTP, only six enzymic reactions, including the formation of ~-3,4-dihydroxy-2-butanone-4-phosphate, are specific for the biosynthetic pathway of riboflavin (Bacher, 1990) . Starting from plant oil, the preferred substrate for riboflavin production because of its yield-enhancing effect (Lago & Kaplan, 1981 , Ozbas & Kutsal, 1986 , more than 100 enzymes determine the carbon flux towards riboflavin. The ability of plants and micro-organisms to grow on acetate or fatty pathway, catalyses the cleavage of isocitrate to glyoxylate and succinate, diverting isocitrate through a carbonconserving pathway and therefore bypassing its utilization in the oxidative tricarboxylic cycle. The final result of its activity, termed anaplerotic (Kornberg, 1965a, b) , is a net conversion of fats to carbohydrates. Since the precursors of riboflavin, GTP and ribulose 5-phosphate, originate from carbohydrate metabolism, the glyoxylate cycle plays an essential role with respect to growth and riboflavin synthesis of the fungus using plant oil as sole carbon source.
The objective of this study was the isolation and characterization of the ICL of A . gosypii in order to obtain a first insight into a possible enzyme regulation by metabolites.
acihs as the sole carbon source is based on the function of the glyoxylate cycle.
METHODS
Isocitrate lyase (ICL, threo-r>,-isocitrate glyoxylate-lyase, EC 4.1 . 3 . l), the first enzyme unique to this metabolic Organism and growth conditions. A . gossypii strain ATCC 10895 was obtained from BASF, Ludwigshafen, Germany. The fungus was maintained as described previously by Stahmann et al. (1994) . Mycelium from maintenance cultures was inoculated into liquid medium of the following composition: 10 g yeast extract 1-' and 10 g soybean oil 1-' . Before autoclaving the pH was adjusted to 6.0 with 1 M HC1. Liquid cultures were incubated at 28 O C in 500 ml shaking flasks, each containing 100 ml medium, on a rotary shaker (Certomat R, B. Braun) at 110 r.p.m.
Enzyme assays. The cleavage reaction catalysed by ICL was assayed by a modification of the continuous method described by Dixon & Kornberg (1959) . The standard enzyme assay contained in a final volume of 1 ml: 25 mM imidazole/HCl buffer (pH 7.0), 4 mM phenylhydrazine-HC1 (Fluka), 4 mM threo-DL-isocitrate (Sigma), 5 mM MgCl,, 1 mM EDTA, 5 mM DTT. The reaction was started by the addition of isocitrate. Formation of the glyoxylate phenylhydrazone (-6 = 14630 M-' cm-') was measured at 324 nm and at 30 "C in a Shimadzu UV-160 spectrophotometer. One unit of enzyme activity (1 U) was defined as the amount of enzyme required to produce 1 pmol glyoxylate phenylhydrazone min-'. Specific activities were given as u (mg protein)-'.
In order to study Mg2+-dependence, a buffer exchange of the enzyme preparation was performed in order to remove MgSO, and EDTA. Therefore the enzyme was diluted in 25 mM imidazole/HCl buffer (pH 7.0) containing 5 mM DTT after ultrafiltration with a Centricon-10 unit (Amicon). The standard enzyme assay was modified by using no EDTA and various Mg2+ concentrations.
The effect of pH on enzyme activity was determined in a 25 mM imidazole/HCl and a 25 mM MES/NaOH buffer system.
In order to determine the heat stability of the enzyme, the standard assay was performed in the temperature range between 20 "C and 60 "C at intervals of 5 "C. After preincubating the enzyme in the assay mixture without isocitrate for 3 min, the reaction was started and the activity was recorded for another 4 min period at the respective temperature.
Catalase was assayed according to the method of Aebi (1974) by following the decomposition of H 2 0 2 at 240 nm ( E = 40000 M-' cm-') and at 30 "C.
Kinetic analysis. The Michaelis constant was determined from a Michaelis-Menten kinetic plot using the ENZFITTER program (Leatherbarrow, 1987) . Inhibition constants and inhibition types were determined from linear replots of Lineweaver-Burk slopes versus inhibitor concentrations according to Segel(1975 (NH,),SO, was added to the supernatant to give 60 % saturation, and the preparation was stirred and centrifuged as above. The resulting pellet was redissolved in a small volume of 20 mM imidazole/HCl buffer, pH 7.0, 300 mM KC1, 1 mM EDTA, 5 mM MgSO, and 0.02% NaN,, filtered through a 0.22 pm filter and loaded onto a Sephacryl S-300 column (2-5 cm x 90 cm; Pharmacia) equilibrated with the previously mentioned buffer. Elution was performed at a flow rate of 20 ml h-'. Fractions containing ICL activity were pooled. Equilibration to 25 mM sodium acetate/acetic acid, pH 5-8, 1 mM EDTA, 5 mM MgSO, was achieved by repeated ultrafiltration with an Amicon YMlO membrane. The protein was subjected to cation-exchange chromatography using the Pharmacia FPLC system with a Mono S HR 5/5 column in the same buffer, and elution was carried out with a linear gradient of up to 1 M NaCl at a flow rate of 1 ml min-'. Fractions containing ICL activity were pooled and stored at -20 OC after adding glycerol (50%, v/v), DTT (5 mM) and NaN, (0*02%, w/v). The whole procedure was carried out with chilled instruments and solutions.
Protein determination. Protein concentrations were determined spectrophotometrically by the method of Bradford (1 976) at 595 nm with the Serva Blue G dye binding reagent. BSA was used as a standard.
SDSPAGE. Discontinuous SDS-PAGE was run according to the method of Laemmli (1970) in a vertical slab gel instrument (Hoefer SE 400, Serva) using a 12.5% (w/v) polyacrylamide gel. Electrophoresis was performed overnight at 8 mA constant current, and the gel was subsequently analysed for protein by Coomassie blue staining. Glycoprotein visualization was based on the periodic acid/Schiff stain developed by Zacharius et a/. (1969) .
RESULTS

Purification and protein properties
In crude extracts of A . gosypii mycelium harvested during growth on soybean oil, specific ICL activities of 0.17 U (mg protein)-' were detected. In order to check the colorimetric assay, the decrease of isocitrate as well as the formation of glyoxylate and succinate was monitored using an HPLC apparatus (Merck) connected to a Nucleosil 10-NH, column (Merck) (data not shown). When glucose was used as carbon source no ICL activity was detectable [detection limit: 0.005 U (mg protein)-'] during the growth phase. This difference in specific enzyme activity indicated a regulation of the enzyme which can occur on the activity level or on the level of enzyme formation.
As phosphoenolpyruvate (PEP) was reported to inhibit the ICL of Net/rospora crassa (Ki: 0.2 mM; Johanson etal., 1974), it was reasonable to study a possible regulation of A . gosypii ICL by metabolites ; therefore the enzyme was purified. Crude extracts stored at 4 "C lost their activity over 24 h. The addition of PMSF led to a 92% preservation of enzyme activity determined after 4 d of storage at 4 O C . The enzyme was purified in six steps. The catalase activity which could not be separated even with the ion-exchange chromatography step was the major problem in further purification. Attempts to remove it by introducing an additional final step to the purification scheme were unsuccessful. ICL could be bound to phenyl-and octyl-Sepharose (Pinzauti e t a/., 1986), but was not eluted in an active form. The same negative result was obtained by using blue Sepharose (Khan e t al., 1992) . One possibility of obtaining a homogeneous enzyme was the pooling of S-300 chromatography fractions which only contained ICL activity but no catalase activity (Fig. 1) . This reduced the yield drastically to 23% (Table 1) . With subsequent Mono S cation-exchange chromatography (Fig. 2) -29000 -24000 -14200 Fig. 3 . SDS-PAGE of the purified ICL. Lanes: 1, 100 pg protein of crude extract; 2, 5 pg purified ICL; 3, 10 pg purified ICL; 4, M, markers (phosphorylase b, 97300; BSA, 66000; egg albumin, 45 000; g I ycera Ide hyde-3-phosp hate de hyd rogenase, 36 000; carbonic anhydrase, 29000; trypsinogen, 24000; a-lactalbumin, 14200). The M, of ICL was calculated after linear regression of log M, marker protein versus migration distance.
of 66000 after staining with Coomassie blue (Fig. 3) .
Gel filtration revealed an Mr of approximately 254000 (Fig. 4) , suggesting a tetrameric structure of the native enzyme. Analysis for glycosylation by the periodic acid/ Schiff reaction was negative. The purified enzyme could be stored at -20 O C with addition of glycerol (50 %, v/v) for 2 weeks without significant loss of activity. Freezing without glycerol led to complete inactivation. 
Effects of pH, temperature and Mg2+ ions
Optimal conditions concerning pH, temperature and, because of its interaction with the substrate isocitrate (Rua et al. , 1990 ; Vanni et al., 1990) , the Mg2+ concentration are basic requirements for studying the catalytic properties of ICLs. The enzyme of A . gosypii was found to be active from pH 5.0 to pH 8-0. About 80% of the maximum activity, which was reached at pH 7.0, was observed at pH 6.0 and pH 7.5. To test enzyme stability at different temperatures, the assay temperature was increased discontinuously from 20 O C to 60 OC. The ICL exhibited optimal activity at 50 "C. At the assay temperatures above, the enzyme was denatured within the test, resulting in nonlinear plots of activity.
The effect of the Mg2+ cation on ICL activity was tested with 4 mM isocitrate and various Mg2+ concentrations as indicated in Fig. 5 . ICL showed no activity in the absence of Mg2+ ions. Addition of Mg2+ up to 2.5 mM resulted in a very pronounced increase in activity, whereas further increase of Mg2+ concentrations led to reduced activity.
Catalytic properties
In order to analyse whether regulation of ICL at the level of enzyme activity is involved in the control of the carbon flux between the tricarboxylic cycle and the glyoxylate pathway, the affinity of ICL towards isocitrate and its inhibition by effectors were studied. The reaction rates as a function of the isocitrate concentration fitted Michaelis- Menten kinetics. The K, value for tho-DL-isocitrate cleavage was determined as 550 pM in the standard assay.
The ICL of A. gosypii was assayed with several potential inhibitors. The phosphorylated intermediates of the metabolites tested showed the most pronounced effect on enzyme activity (Table 2 ). Addition of 10 mM PEP and 6-phosphogluconate led to a 55% and 60% inhibition, respectively. PEP was classified as a hyperbolic mixedtype inhibitor. Succinate and malate at a concentration of 10 mM resulted in a 34% and 36% inhibition with succinate revealing a noncompetitive inhibition type. The most drastic effects on enzyme activity were obtained with itaconate and oxalate. In the presence of 1 mM of each substance, inhibition was determined to be 78% and 95 YO, respectively. Analysis of the kinetic data revealed a linear mixed-type inhibition with a Ki value of 170 pM for itaconate and a noncompetitive inhibition with a Ki value of 4 pM for oxalate.
DISCUSSION
The flavinogenic fungus A . gosypii is able to produce riboflavin in considerable amounts during growth on soybean oil. Since 95% of the carbon in a triglyceride molecule is located in fatty acids, active ICL, the key enzyme of the glyoxylate cycle, is essential for the anabolism on that carbon source. As expected, ICL was detectable in the mycelium of A. gosypii grown on soybean oil. In contrast ICL activity was not detectable during growth on glucose, suggesting a regulation of the enzyme formation depending on the carbon source available. This mode was shown to regulate ICL activity in Aspergillm nidzllans (Bowyer e t al., 1994) , N. crassa (Gainey et al., 1 99 1) and Phycomyces blakesleeanzls (Rua et al. , 1989) . A problem in the isolation procedure was the separation of ICL from a catalase. This was reported to appear in ICL purifications from plants (Vanni e t al., 1990; Pinzauti et al., 1986 ), but has not been described for a fungus. Khan et al. (1992) discussed the point that ICL and catalase firmly associate with each other in maize scutella cells, since it is well known for plant seedlings that FADH, generated during /3-oxidation of fatty acids is reoxidized by an FAD-linked acyl-CoA oxidase which transfers the electrons to molecular oxygen. The resulting H,O,, an extremely toxic substance, is decomposed by catalase. Moreover, glyoxylate in particular is readily oxidized by H,O, to yield formate and carbon dioxide (Lewis & Weinhouse, 1957) . The presence of catalase in the vicinity of ICL might prevent the glyoxylate molecules from oxidation. By analogy, this proposed mechanism might also function in A . gosypii during the consumption of soybean oil.
For the majority of eukaryotic organisms ICL has been reported to have a tetrameric structure consisting of nonglycosylated subunits with an Mr ranging from 60000 to 70000 (Vanni e t al., 1990) . Thus, the determined subunit Mr of 66000 for A . gosypii ICL and its Schiff staining negative reaction were in good agreement with these data. Moreover, the Mr of the native enzyme corresponded to the common tetrameric structure of ICLS.
Mg2+ was essential for the cleavage of isocitrate catalysed by A . gosypii ICL. This has been reported for all other ICLs studied (Cioni et a/., 1981 ; Vanni e t al., 1990) . Mg2+ concentrations greater than 5 mM showed a clear inhibitory effect on the initial enzyme activity under the assay conditions used. This corresponded to the generalization made by Vanni e t al. (1990) (Vanni et al., 1990) , although exceptionally high concentrations were needed to obtain an inhibition. A concentration of 10 mM PEP, one of the most effective inhibitors of A. gosypii ICL, was necessary to achieve 55 % inhibition. Ashworth & Kornberg (1963) described a so-called 'fine control of the glyoxylate cycle' based on a 50% inhibition of the Escberichia coli ICL by 0.1 mM PEP. The lowest Ki values for fungal ICLs were reported to be 0-2 mM PEP for N. crassa (Johanson et al., 1974) and 0.6 mM PEP for P. blakesleeanzrs (Rua et al., 1990) , which in comparison also demonstrated the rather low impact of PEP on A . gosypii ICL activity. However, since data concerning intracellular concentrations of these intermediates are lacking, their physiological role in enzyme regulation remains obscure. Moreover, compartmentation of A. gosypii ICL in microbodies has to be considered, as was shown for most eukaryotes (Cioni et al., 1981) . Taking all these facts of the regulation studies into consideration, an enzyme regulation at the activity level seems to be unlikely.
Two inhibitors without physiological significance were identified. Itaconate and oxalate were the most effective inhibitors of the cleavage reaction. They revealed Ki values of 170 p.M and 4 pM, respectively. This pronounced effect was also shown for the ICLs from P. blakesleeanzls (Rua e t al., 1990) and from N. crassa (Rogers In further studies itaconate will be used as an antimetabolite to screen for mutants with enhanced ICL activity. A possible bottleneck role of the ICL in supplying the riboflavin biosynthesis with precursors should become evident by this approach. Yield-enhancing effects of glycine (Hanson, 1967) and ribitol (Mehta et al., 1972) support the idea that such limitations in precursors are responsible for suboptimal riboflavin yields.
